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Abstract. We propose an equivalent circuit modeling for a chip-on-carrier and for two encapsulated semicon-
ductor optical amplifiers (SOAs). The models include main parasitic leaks and were used in reflection and trans-
mission simulations, showing good agreement with experimental data. The model for each SOA is validated,
comparing the simulated results with experimental data from SOAs operating as high-speed electro-optical
switches, reaching rise times below 200 ps. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.
OE.54.11.114107]
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1 Introduction
Digital computing systems require high-speed interconnec-
tions between processors and from processors to their cor-
responding memories and processing nodes. Performance
scaling of such digital systems demands interconnects with
high bandwidth, high density, low latency, long reach, and
high energy efficiency.1,2 The propagation of gigahertz elec-
trical signals on printed microlines and other wirings is
strongly attenuated, limiting the length of high-speed digital
communication links to a few meters.3 To avoid such limita-
tions, optical technology is used for such networks, exploring
picosecond-scale reconfiguration enabled by semiconductor
optical amplifier (SOA)–based switches, which support multi-
ple wavelengths and therefore optimize latency and power
efficiency issues.4
SOA-based switches have received significant attention
recently for test-bed implementations due to their low-
voltage operation, broadband performance, excellent cross
talk mitigation, and total gain.5 Among recent examples,
some are noteworthy: a hybrid optical switch combining
an SOA with Mach–Zehnder interferometers,6 an optical
network relying on SOAs as routing gates,7 optical random
access memory cells based on SOA nonlinear effects of
cross-gain modulation and cross-phase modulation,8 SOA-
based switches for wavelength-striped optical packet multi-
casting,9 and energy-efficient space switches.10 Since the
modeling here proposed focuses on the simulation of electro-
optical (EO) behavior of SOAs, those last two applications
could benefit from this work.
With the ongoing growth of SOA applications, the impor-
tance of transient analyses in this kind of switches also
increases. Such analyses can be performed by analytical11
or numerical12,13 methods by modeling the equivalent
circuit14,15 or even by combining such methods.16 Analysis
using equivalent circuit models can be easily run via
SPICE-based software with small computational resources.
Furthermore, this approach enables parasitic element cascad-
ing and parameter optimization, even giving indications for
further improvement of device fabrication.
In previous works, we proposed an equivalent circuit
modeling for a 2-mm-long chip-on-carrier (COC)-SOA
(CIP Technologies, UK).17 Later, the model was extended
for two hermetically encapsulated SOAs:18 the standard
butterfly encapsulated version of the mentioned COC-
SOA (CIP, NL-OEC-1550), called Pack-SOA.1, and a
650-μm-long cavity device (InPhenix, IPSAD1503), called
Pack-SOA.2. The equivalent circuits described in this
paper for these three travelling-wave SOAs are improved
extensions of such previous works,17,18 including more pre-
cise tuning for circuit parameters based on experimental data
of reflection and transmission responses. The new modeling
enables more accurate analysis of the intrinsic parasitic leak-
ages due to the chip mount and encapsulation structures.
Using the equivalent circuits, the SOAs’ impedance and
EO responses are compared with S(1,1) and S(2,1) simula-
tions, respectively. Next, simulations of EO transients are
compared with the experimental data. Despite being a linear
circuit model, the results are in good agreement with the
experimental data in both frequency and time domains.
2 Element Modeling
The SOA is basically a semiconductor laser with a nonreflec-
tive cover on the edges, so the equivalent electrical circuit
modeling can be derived from previous models developed
for etched mesa-buried heterostructure (EMBH) lasers.19–21
While for a semiconductor laser, the optical output is
mainly composed of stimulated emission—after the popula-
tion inversion condition is satisfied—for an SOA, the output
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is composed of the amplified signal (at the input carrier
wavelength, SC) added to a forward noise (SA) due to the
amplified spontaneous emission (ASE), as illustrated in
Fig. 1.
The evolution over time of the average carrier density (N,
cm−3) inside the SOA active cavity, assuming N is nearly
uniform in the transverse direction, can be described as22
EQ-TARGET;temp:intralink-;e001;63;675
∂N
∂t
≅
I
qV
−
N
τn
− GS; (1)
where I is the injected current (A), q is the electron charge
(1.6 × 10−19 C), V is the volume of the active region (cm3),
τn is the charge carrier lifetime (s), S ¼ SA þ Sin is the total
optical power (W), and G is the net optical gain:22
EQ-TARGET;temp:intralink-;e002;63;588 ¼ γðN − N0Þ; (2)
where γ is the differential gain parameter multiplied by the
group velocity (2.4 × 10−6 s−1 cm3) and N0 is the transpar-
ency carrier density (1018 cm−3).
The evolution of the optical signal can be described as
SC ¼ GSin, and the ASE noise (SA) can be expressed as
EQ-TARGET;temp:intralink-;e003;63;502
∂SA
∂t
≅ GSA −
SA
τp
þ β N
τn
; (3)
where τp is the photon lifetime (s) and β is the fraction of
spontaneous emission coupled into the guided mode
(∼10−4). Therefore, the time evolution of the total optical
signal intensity (S ¼ SA þ SC) is described as
EQ-TARGET;temp:intralink-;e004;63;413
∂S
∂t
≅ GðSA þ SinÞ þ β
N
τn
−
SA
τp
; (4)
which, together with Eq. (1), is similar to the basic rate equa-
tions used for single-mode semiconductor lasers. Therefore,
previous models developed for semiconductor lasers19–21 are
here adapted for SOAs, as described in the following
sections.
2.1 Active Region
The equivalent electrical circuit for the SOA active region is
derived from the exposed rate equations and can be separated
into two operation modes—high-gain and low-gain. For
low-gain-mode operation (I-bias <70 mA for the devices
used here18), when the ASE level is still small and there
is no gain compression, the model is simpler than that for
high-gain mode.
For low-gain mode, the model is composed of the space-
charge capacitance (Csc) in parallel with the diffusion capaci-
tance (Cd) and the diffusion resistance (Rd). Csc is related
to the storage of charge carriers at the diode heterojunction,
and Cd is related to their effective lifetime, which can be
expressed as18,21
EQ-TARGET;temp:intralink-;e005;326;653Cd ¼
τn
Rd
; (5)
where Rd is the resistance associated to the heterojunction,
given by18,21
EQ-TARGET;temp:intralink-;e006;326;590 d ¼
ηκT
Is
1
eðqVA∕ηκTÞ
; (6)
where η is an ideality factor of the diode heterojunction,
κ is the Boltzmann constant (1.38 × 10−23 J∕K), T is the
temperature (∼298 K), Is is the saturation current, q is the
electron charge (1.6 × 10−19 C), and VA is the voltage at
the junction.
For high-gain mode, the Rd resistance is incorporated by
an effective resistance (R1),
21 and the model is completed
by the inductance Ls, related to photon storage, the gain
compression resistance (Rs1), and the spontaneous emis-
sion’s coupling factor resistance (Rs2), and expressed as
follows:18,21
EQ-TARGET;temp:intralink-;e007;326;426 1 ≅
Rd
1þ γτnS0
; (7)
EQ-TARGET;temp:intralink-;e008;326;378Ls ≅
Rdτp
γτnS0
; (8)
EQ-TARGET;temp:intralink-;e009;326;334 s1 ≅
εRd
γτn
; (9)
EQ-TARGET;temp:intralink-;e010;326;291 s2 ≅
βRdτpItAΓ
αγτnS20
; (10)
where S0 is the photon density at steady state, ε is the gain
compression factor due to the carrier diffusion, ItA is the
threshold current of the active region, Γ is the confinement
factor, and α is the electron charge multiplied by the volume
of the active region.
The total capacitance (Csc þ Cd) and the Ls inductance
represent the energy exchange between carriers and photons,
while the resistances represent their resonance damping.
The active region modeling, including elements for high-
and low-gain modes, is illustrated in Fig. 2. Voltage on
Rd and Rs2 is proportional to the optical output power for
low and high gain, respectively.
The SOAs used here are “black-box” like, that is, man-
ufacturers do not provide details of their semiconductor
structure or fabrication process. Hence, the initial modeling
parameters are calculated as a function of the injected
bias current (I-bias) according to Eqs. (5)–(10), using the
Fig. 1 Travelling wave semiconductor optical amplifier (SOA) simpli-
fied schematic model. The SOA is fed by bias current with the
following optical signal components: input power (S in), amplified
spontaneous emission (ASE) noise (SA), and output (SC ).
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approximated values extracted from the literature,19,20 prop-
erly adjusted based on electrical reflection and EO trans-
mission measurements obtained for the three SOAs. The
parameters extracted for some selected I-bias values are
shown in Table 1.
2.2 Cascade Parasitic Elements
Active region elements can then be cascaded with parasitic
elements to model the semiconductor chip, and the elements
of coupling, mounting, and encapsulation (the latter only
applies to the packaged SOAs). These elements are illus-
trated in Fig. 3.
The COC-SOA is connected to a microstrip line [16-mm
long, transmission line (TL)] in series with a 47-Ω resistor
(Rm1-COC) to match the 50-Ω impedance when added to
diode impedance (∼3Ω). Light is coupled into and out
from the device using fiber with microlenses connected
to five-axis piezo actuators in an optical table;23 the
encapsulated SOAs are connected to 40-mm-long semirigid
coaxial cables (TL) and 47-Ω resistors (Rm1-Pack) mounted
on a heat sink. Parasitic elements from bond-wire inductan-
ces, small loss resistance, and standoff shunt capacitances
are modeled, respectively, by Lm1–Lm3, Rm2, and Cm1–Cm3.
A simplified cross section of an EMBH laser is shown in
Fig. 4 to illustrate the origin of parasitic elements from
the device’s chip.
The chip elements appearing in the right side of Fig. 3 are
related to the structure shown in Fig. 4 as follows: Cc1 rep-
resents the chip’s effective capacitance distributed across the
insulator (1) and the p-region (3); Rc1 represents the total
series resistance from the n-region (2) and from the metal
contact (5), the active region, and the substrate (4). All para-
sitic elements from the mounting elements already described
do not vary with I-bias, but a more careful examination of
the parasitic elements using impedance measurements (dis-
cussed in detail in Sec. 2.3) pointed to the existence of an
additional LC pair depending on I-bias, and so modeled
by Lc1 and Cc2, whose values were already listed in
Table 1. These parasitic elements might be linked to varia-
tions in the main path of the injected bias current, passing
through the metal contact (5) and p-region (6) until reaching
the active region.
Parameters of cascaded elements were extracted using
experimental data from transmission and reflection measure-
ments, to be detailed in Sec. 2.3.
2.3 Experimental Data
Measurements of the SOAs’ EO response enabled improve-
ment of the model as a whole, indicating the existence of
Fig. 2 Active region elements—low-gain (black) and high-gain (black
+ gray) operation modes.
Table 1 Parameters dependent of I-bias.
COC-SOA (mA) Pack-SOA.1 (mA) Pack-SOA.2 (mA)
60 80 100 60 80 100 60 80 100
Lc1 (nH) 1 0.15 0.11 1 0.15 0.11 2.5 0.35 0.15
Cc2 (pF) 2 3 5 2 3 5 1.5 2 4
Csc þ Cd (pF) 2 5 7.5 2 4 7 2.5 4.2 6.5
Rd (Ω) 6.5 — — 3 — — 5 — —
R1 (Ω) — 0.25 0.2 — 0.25 0.2 — 0.15 0.11
Rs1 (mΩ) — 2.81 1.75 — 3 2 — 2.8 2
Ls (pH) — 43 32 — 45 25 — 46 30
Rs2 (mΩ) — 0.65 0.35 — 0.15 0.1 — 0.13 0.09
Fig. 3 Equivalent circuit model with cascaded parasitic elements for mount, coupling, and chip.
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an additional L–C from chip mount (Lc1 and Cc2) and also
improving the accuracy of the estimation of elements from
the SOAs’ active region. Measurements were done by apply-
ing the sinusoidal waveforms at the SOA RF inputs and ana-
lyzing the EO response using the experimental setup shown
in Fig. 5.
The signal generator (Agilent E8257D, 4 dBm) is con-
nected to an RF amplifier (SHF810), and the modulated sig-
nal is superimposed to the SOA bias current. A continuous-
wave tunable laser (at 1550 nm, 4 dBm for packaged SOAs
and 12 dBm for CIP-COC) is followed by an optical isolator
and then coupled to the SOA under test, and the optical
output is measured by a PIN photodiode (Discovery
Semiconductors—DSC-R410) after a variable optical attenu-
ator (VOA). The electrical signal feeds the spectrum analyzer
(Agilent E4408B), where the EO conversion is analyzed as
a function of bias current, in the frequency range of a few
kilohertz up to 20 GHz.
A software application automated the signal frequency
swapping and stored data for each frequency in an ASCII
file. The experimental results were then compared with simu-
lated data and used to heuristically optimize the values of
parameters for the parasitic elements. The equivalent circuit
models (Figs. 2 and 3) were employed for S(2,1) simulations
by using the Keysight ADS software.24 Electrical sine waves
were injected into the electrical circuit, and the voltage mea-
sured over Rs2 (or Rd for low-gain mode) represents the opti-
cal output.
Four different I-biases were used: two in the low-gain (40
and 60 mA) and two in the high-gain (80 and 100 mA) oper-
ation modes. However, the results for 40 mA are not shown
here because the experimental data at this I-bias are noisy,
making difficult an accurate extraction of the equivalent
circuits’ parameters. The values found for Lc1, Cc2 (chip
elements), and active region elements are presented in
Table 1 for the selected I-bias values, while the remaining
cascaded elements—independent of I-bias—are listed in
Table 2.
The fitting for transmission results was carried out with-
out ignoring the fitting between reflection measurements
and S(1,1) simulations. These latter experimental data were
obtained from impedance measurements by connecting the
SOAs to a 40-GHz-bandwidth microwave network analyzer
(Agilent N5230C PNA-L), and the theoretical data were
obtained from S(1,1) simulations using ADS software
once again. The parameters listed in Tables 1 and 2 represent
the best matching considering both the experimental–simu-
lation comparisons: EO response measurements with S(2,1)
simulations and impedance measurements with S(1,1)
simulations. To minimize repetition of graphs, we present
comparative results of one I-bias for each SOA: 60 mA for
COC-SOA, 80 mA for Pack-SOA.1, and 100 mA for Pack-
SOA.2. The EO response comparisons are shown in Fig. 6,
and the electrical reflection comparisons are shown in Fig. 7.
Experimental and numerical data show a good agreement
up to 7 GHz for the three SOAs, which is reasonable con-
sidering that we are using a linear circuit. The obtained mod-
els enable SOA simulation using any circuit analysis facility.
To illustrate, we used these models for transient simulations
and compared the results with experimental data of SOAs
working as high-speed switches, as detailed in Sec. 3.
3 Transient Results
The experimental setup is similar to that presented before in
Fig. 5, with some modifications: a pulse generator (Agilent J-
BERT N4903B) is used instead of the sinusoidal generator,
and the SOAs are connected to the VOA and then directly to
Fig. 4 Cross-sectional view of an etchedmesa-buried heterostructure
(EMBH) laser (adapted from Refs. 15 and 18).
Fig. 5 Experimental setup applied in the electro-optical (EO) conversion analysis.
Table 2 Parameters independent of I-bias.
Element COC-SOA Pack-SOA.1 Pack-SOA.2
Cm1 (pF) 0.25 0.15 0.15
Lm1 (nH) 0.34 6 3.5
Cm2 (pF) 0.81 0.9 3.8
Lm2 (nH) 1.28 0.81 1
Cm3 (pF) 1.2 29 0.2
Lm3 (nH) 2.5 2.1 3.5
Rm2 (Ω) 0.9 0.8 0.8
Cc1 (pF) 30 20 15
Rc1 (Ω) 2.65 2.9 2
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a 40-GHz digital communication analyzer with optical input
(Agilent Infiniium 86100C). The optical output power as a
function of the injected bias current was also measured for
each SOA, as illustrated in Fig. 8. The optical input power for
COC-SOA is þ10 dBm, while for the encapsulated SOAs it
is −5 dBm, in order to compensate the larger coupling losses
for the former. For the three SOAs, the optical carrier oper-
ates at 1550 nm.
The EO switching was performed by modulating the
SOAs using fast electrical pulses superposed to the DC
I-bias. At first, we used three different amplitudes of steps
at different bias currents (60, 80, and 100 mA). Next, we
applied the preimpulse step injected current (PISIC) tech-
nique,25 adding a preimpulse to the previous steps. Pulses
were built using independent output channels of the pulse
generator, combined by a 50-GHz-bandwidth resistive com-
biner. The pulse formats are described in Table 3.
The experimental optical responses from each SOAwere
compared with numerical results obtained with equivalent
circuits in transient response (ADS software). The same elec-
trical pulses used in experiments were applied to the equiv-
alent circuit, and the simulated electrical current through
the resistor Rs2 (or Rd) corresponds to the SOAs’ optical
output power.
An example (Pulse-B) is shown in Fig. 9, with and with-
out PISIC.
The injected DC I-bias was varied from 60 up to 100 mA
for the three SOAs. Selected results are shown here. For
COC-SOA, Pulse-A format results (I-bias ¼ 60 mA) are
Fig. 6 Comparison between experimental (solid lines) and numerical (dashed lines) EO response for
the (a) COC-SOA (60 mA), (b) Pack-SOA.1 (80 mA), and (c) Pack-SOA.2 (100 mA).
Fig. 7 Comparison between experimental (solid lines) and numerical (dashed lines) results of electrical
reflection for the (a) COC-SOA (60 mA), (b) Pack-SOA.1 (80 mA), and (c) Pack-SOA.2 (100 mA).
Fig. 8 Experimental optical output power as a function of bias current
for the three SOAs.
Table 3 Pulse formats for the current injection.
Pulse-A Pulse-B Pulse-C
Step duration (ns) 8 8 8
Step amplitude (V) 2.25 1.8 1.35
Step rise time (10% to 90%) (ps) 87 113 121
PISIC duration (ns) 0.96 0.64 0.32
PISIC amplitude (V) 0.65 0.55 0.45
PISIC rise time (10% to 90%) (ps) 22 22 22
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shown in Fig. 10, comparing experimental and numerical
data. Experimental rise times are 370 ps without and 186 ps
with PISIC, while the simulated results are 207 and 156 ps,
without and with PISIC, respectively. For Pulse-A, with I-
bias at 60 mA, an optical contrast of 23 dB was achieved
for COC-SOA. This optical contrast is calculated by observ-
ing the excursion between low and high levels of the elec-
trical pulses in the curves of the SOAs’ optical gain showed
in Fig. 8. High-optical contrasts result in bigger differences
between the off and on levels of the EO switch, reducing
potential errors at the receptor.
The results for Pack-SOA.1 with Pulse-B (80 mA)
are shown in Fig. 11. Experimental rise times are 497 and
360 ps, without and with PISIC, respectively, while simu-
lated data were 429 and 323 ps. The optical contrast in
this case is of 22 dB.
The results for Pulse-C (100 mA) with Pack-SOA.2 are
shown in Fig. 12. Simulated results exhibit more pronounced
Fig. 9 Electrical signal for Pulse-B extracted directly from the signal generator (a) without and (b) with
preimpulse step injected current (PISIC).
Fig. 10 Experimental (solid line) and numerical (dashed line) optical response for Pulse-A, for COC-
SOA, (a) without and (b) with PISIC, I-bias ¼ 60 mA.
Fig. 11 Experimental (solid line) and numerical (dashed line) optical response for Pack-SOA.1, (a) with-
out and (b) with PISIC, I-bias ¼ 80 mA.
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oscillations than the experimental data, but it is possible to
see common damped oscillations: 1.15 for experimental and
1.19 GHz for numerical data. For the pulse without PISIC,
the first oscillation amplitude is lower than the second both
for experimental (rise time of 663 ps) and simulated (260 ps)
results. For the pulse with PISIC, the good agreement
between experimental (rise time of 357 ps) and simulated
(210 ps) results remains. An optical contrast of only 9 dB
was observed for this pulse configuration.
The model was also tested employing the multi-impulse
step injected current,26 a technique to reduce the inherent
gain fluctuations without worsening the switching times.
Agreement between experimental and numerical data with
a precision of 5% in rise times of about 150 ps was
achieved,26 endorsing model validation.
4 Conclusions
Equivalent electrical circuits for three different SOAs were
presented. The proposed model includes parasitic elements
from substrate and mounting parts, and it allows estimation
of the electrical current that actually reaches the SOA active
region. The RF mounting injection current parameters were
heuristically obtained by fitting the model to the experimen-
tal data, and the active region parameters were analytically
obtained as a function of the injected bias current, followed
by a fine-tuning adjustment. The equivalent circuits were
applied to the study of SOA-based EO switches, using three
pulse formats. Experimental and simulated data present good
agreement both for EO response and electrical reflection.
The model might be used to predict SOAs responses and
to examine different electrical pulse formats in order to
reduce overshoots and to improve EO switching speeds
and optical contrast. Besides, by analyzing the influence of
the electrical parasitic elements, the model can contribute to
the design of faster SOA-based devices.
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